Insulin, A Possible Regulator of Ketosis in Newborn and Suckling Rats
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Extract Speculation
A possible regulatory role of insulin in the development of ketosis in newborn and suckling rats was investigated. The average plasma concentration of total ketone bodies measured a t birth was 0.414 0.837 pmol/ml. Within 24 hr after birth the level of ketones had increased to 4 times its initial value. The 3-to 4-fold increase in plasma ketones was maintained during the first 5 days of life but started to decline thereafter. Plasma insulin of newborn rats at birth (62 * 8 p U / m l ) was comparable to that of fed adult rats (85 + 10 MU/ml). The levels decreased to 28 MU/ml on the first day of life and stayed low throughout the suckling period despite a rendency to increase at the time close to weaning. The capacities for ketone production in liver homogenates of suckling rats were inversely related to the levels of insulin. Administration of insulin (0.125 mU/g body weight, im) and glucose (1.75 mg/g body weight, ip) both suppressed plasma ketone bodies in suckling rats. Insulin administration increased plasma insulin but failed to decrease plasma glucose. Injection of glucose increased plasma insulin and glucose. Neither insulin nor glucose treatmenr changed the plasma levels of free fatty acids. These data suggest that a limited availability of insulin permits a high rat of ketogenesis and hence induced ketosis in newborn and suckling rats.
Developing rats suckled by their dams derive most of their energy from the high fat and low carbohydrate content of milk. The low concentration of insulin in suckling rats not only minimizes utilization of glucose by insulin-dependent tissues but permits a rapid synthesis of ketone bodies that then serve as energy sources for extrahepatic tissues, particularly the brain. Consequently, the energy requirements of suckling rats can be met with a reduced risk of hypoglycemia. Further studies on the effect of insulin on lipolysis, fatty acid oxidation, and ketone synthesis in vitro could add to our understanding of the action of insulin in reversing ketosis of suckling rats.
Ketosis of human infants resembles that of suckling rats in many respects. In both species, plasma levels of ketone bodies are low at birth but increase rapidly after birth and remain high throughout the suckling period (18, 26, 27) . Coincident with these high levels of ketone bodies, plasma concentrations of free fatty acids are elevated during the developing stage in humans and rats (26, 27) . The elevated fatty acid levels probably stem from the fact that newborns of all mammalian species derive most of their energy from fat deposited in adipose tissue (24) or breast milk (3). However, neither the cause nor the function of elevated ketone bodies in newborns has been established. Because controlled experiments are difficult to perform with humans, studies on ketone metabolism in newborn rats should add to our understanding of newborn ketosis in humans.
Studies of ketosis in adult rats have indicated that levels of ketone bodies in plasma are determined by the rate of formation and/or utilization of ketone bodies (14, 32) . In the brain the activities of enzymes for ketone utilization (15, 18, 26) appear to increase after birth to a level 3 times higher than found in adult rats. Similarly, the rate of ketone utilization by the brain of suckling rats is 3-4 times higher than that of the adult brain (14) These findings, together with increased activities of ketogenic enzymes (IS), suggest increased ketogenesis in the liver as the cause of ketosis in newborn rats. Indeed, an increased capacity for ketone production has been reported in developing rats (9, 17) .
Hepatic ketogenesis is closely associated with the generation of acetyl-CoA (Ac-CoA) (19) and fatty acid oxidation (2), which is influenced by nutritional status and hormones (21) . In fasted, fat-fed, or diabetic adult rats, depletion and impaired utilization of glucose increases fatty acid oxidation and hence the production of Ac-CoA (21, 22) . Insulin not only increases glucose utilization (29) but inhibits lipolysis (23, 31) , which in turn depresses fatty acid oxidation. The importance of insulin in regulating lipid metabolism and ketogenesis is therefore apparent. Foster (I I) has shown that ketosis of fasting in adult rats disappeared immediately after insulin administration, indicating that insulin may suppress ketone formation. Meier et a/. (22) showed that in plasma of alloxan diabetic rats levels of ketone bodies and free fatty acids rose whereas insulin decreased. This further suggests an inverse relationship between the concentration of ketone bodies and insulin.
Reported here are studies of the function of insulin in ketosis of suckling rats. The results show that ketosis of developing rats is closely related to the low level of insulin in plasma. Administration of insulin or glucose to suckling rats caused insulin concentrations to increase, with a consequent decrease in plasma ketone bodies to levels observed at birth.
M E T H O D S A N D MATERIALS
Sprague-Dawley rats obtained from the Laboratory Animal Division of the Mogul Corp., Madison, Wisc., were used throughout the experiments. Pregnant rats were kept individually in stainless steel cages and were fed ad libitum a Purina rat chow containing (per 100 g) 23% protein, 57% carbohydrate, and 4.5% fat. Newborn rats were obtained by natural delivery and suckled by their mothers after birth until used. For studies of metabolic changes at birth and before the first postnatal suckling, fetuses of 22 days of gestation were obtained by cesarean section. Adult rats weighing 150-250 g and fed ad libitum or fasted for 48 hr were used as a reference group.
Blood was collected with heparinized tubes from the jugular vein of newborn and suckling rats and from the tail vein of adult rats. Because of the small size of rat pups, blood samples from two to four pups were pooled to obtain a sufficient quantity of plasma for biochemical analyses. @-Hydroxybutyrate and acetoacetate were determined enzymatically by the method of McGarry and Foster (20) . Glucose was measured by the glucose oxidase method using glucostat (34) ; free fatty acids by the procedure of Ko and Royer (16) ; and insulin by the method of Hales and Randle (13) using the anti-guniea pig insulin serum provided in a commercial assay kit (35) .
For in vivo studies, insulin (0.125 mU/g body weight) was given intramuscularly, and glucose (1.75 mg/g body weight) intraperitoneally. After administration of insulin and glucose suckling rats were allowed to stay with their dams for 20-30 min before blood collection.
For studies of ketogenesis in vitro, portions of rat liver were placed in cold saline (0.9% NaCI) immediately after the animals were killed. Liver homogenates (20% w/v) were prepared in Ca++-free Krebs-Ringer phosphate buffer (pH 7.4) with glass homogenizers equipped with a Teflon pestle at 4". Of the liver homogenates, 0.8 ml was incubated in 1.2 ml of Ca++-free Krebs-Ringer phosphate buffer (pH 7.4) at 37" for 10 min in a metabolic shaker (90 strokes/min). At the end of incubation the medium was transferred to a centrifuge tube containing 0.25 ml 40% (w/v) perchloric acid. The tube was placed in cold for 20 min and then centrifuged at 1,500 x g for 10 min. The resulting supernatant was neutralized with 40% KOH and centrifuged in the same manner. The neutralized supernatant was used for assaying P-hydroxybutyrate and acetoacetate. The net synthesis of ketone bodies was calculated by subtracting the initial concentration of ketones from that obtained after 10-min incubation. The rate of ketogenesis was expressed as micromoles of ketone produced per g wet liver per 10 min.
All chemicals were reagent grade. Insulin was obtained from Eli Lilly Pharmaceutical Co., Indianapolis, Ind.
RESULTS
We first measured concentrations of plasma metabolites and insulin during the entire suckling period to determine whether changes in these levels are related to the development of newborn ketosis. The average plasma concentration of total ketone bodies (a sum of P-hydroxybutyrate and acetoacetate) measured at birth and before the first postnatal feeding was 0.414 i 0.037 pmol/ml. Within 24 hr after birth the level of ketones had increased to 4 times its initial value. A similar rise in total plasma ketones occurred in adult rats fasted for 48 hr. In the suckling rats the 3-to 4-fold increase in plasma ketones was maintained during the first 5 days of life but started to decline thereafter. However, the levels of ketone bodies during the suckling period between days 10 and 20 were still twice as high as values obtained at birth. The calculated ratio of the two ketone bodies (data not shown) indicated that P-hydroxybutyrate increased more rapidly than acetoacetate at all time points throughout the suckling period. Reasons for the drop of ketone bodies during the second half of the postnatal period are not clear. The increased activities of ketone-utilizing enzymes (15, 18, 26) during the suckling period appear to suggest that a high rate of ketone oxidation (14) during this corresponding stage may in part account for the decrease plasma level of ketone bodies. It is also possible that increased urinary clearance of ketones during the developing stage could result in low levels of plasma ketone bodies.
Hyperketonemia observed in adult rats under various nutritional conditions, e.g., starvation or fat feeding, is always accompanied by an increased influx of fatty acids to the liver (25) . Accordingly, plasma levels of free fatty acids were measured in suckling rats (Fig. 1 B) . Newborn rats at birth had a low level of free fatty acids, 0.077 i 0.008 pEq jml, as compared with a value of 0.266 i 0.064 pEq/ml in fed adult rats (P < 0.05). The levels of free fatty acids increased rapidly to a maximum value on day 1 and remained at 9-to 12-fold increased levels for 10 days. These levels remained high but appeared to decline gradually after the 15th day of life.
Fatty acids and glucose have complementary roles in furnishing energy for adult rats (28) . The depletion of glucose is known to increase the release and utilization of fatty acids (28) . Thus, the relationship of plasma ketone bodies to glucose availability was examined. Newborn rats at birth had plasma glucose of 99 + 3 mg/ I00 ml, which decreased to 84 i 4 mg/100 ml on the first day of life (Fig. IC) . The plasma levels of glucose returned to the initial value on the third day of life and increased gradually thereafter. At weaning, when plasma ketones remained high ( rats at birth (62 * 8 p U / m l ) was comparable with that of fed adult rats (85 * 10 pU/ml). The levels decreased to 28 * 5 p U / m l on the first day of life and stayed low throughout the suckling period despite a tendency t o increase at the time close to weaning. These data indicate a reciprocal relationship between plasma ketone bodies and insulin in developing rats. Similarly, the capacities for ketone production in liver homogenates of suckling rats were inversely related to the levels of plasma insulin (Figs. I D and 2 ). T h e rate of synthesis was low a t birth while plasma insulin was high. When plasma insulin decreased, the hepatic synthetic capacities were stimulated by 4-to 5-fold during the first 10 days of life. T h e increased rates of the synthesis were similar to those in adult rats fasted for 48 hr. The synthesis of ketone bodies started decreasing on day 10 whereas insulin appeared to increase.
The association of elevated ketone bodies with low levels of insulin observed in developing rats suggests that ketosis is related with insulin insufficiency and may be reversed by elevating insulin concentration. T o test this possibility we conducted experiments in that suckling rats were treated with insulin and glucose, which is known to stimulate insulin secretion (6) . Intramuscular injection of insulin in a dose of 1 m U / g body weight had no effect on plasma ketone bodies but resulted in decreased glucose levels in I -to 10-day-old rats (Table I) . However, in a lower dose (0.125 m U / g body weight) insulin was effective in suppressing plasma ketone concentration (Fig. 3) . Plasma levels of ketone bodies in I-day-old INSULIN AND NEONATAL KETOSIS rats decreased 42% at 20 min after insulin administration, whereas DISCUSSION in 5-or 10-day-old rats the ketone levels were reduced to 0.572 i 0.069 and 0.427 0.034 pmol/ml, that were comparable with the level (0.414 i 0.037 pmol/ml; Fig. IA ) observed a t birth.
Similarly, glucose given intraperitoneally in a dose of 1.75 mg/g body weight suppressed plasma levels of ketone bodies to 60% of the untreated control in I-day-old rats. In older rats, 5 and 10 days old, glucose administration also decreased plasma ketone bodies to the level seen at birth. The effects of insulin and glucose administration on metabolism of lipid and glucose were investigated further by using the same types of experiments. Administration of insulin (0.125 m U / g body weight) and glucose (1.75 mg/g body weight) again significantly suppressed plasma ketone bodies in suckling rats with a greater depression observed in 5-day-old than I-day-old rats ( Table 2) . Administration of the low dose of insulin to 1-and 5-day-old pups increased plasma levels of insulin t o 2-and 1.8-fold over untreated controls but failed to decrease plasma glucose. Glucose administration, on the other hand increased insulin to 2.5-to 2.8-fold and glucose to 2.1-to 2.9-fold over untreated controls (Fig. 4) . Neither insulin nor glucose treatment changed the plasma level of free fatty acids. ' Indicate statistically significant difference from the untreated pups within the same age group at P < 0.05.
In this study low levels of plasma ketone bodies a t birth increased rapidly after the beginning of postnatal feeding. T h e elevated ketone levels of suckling rats were accompanied by high free fatty acids, low insulin, and gradually increased glucose to the level seen in adult fed rats (Fig. I) . Although similar changes in plasma concentrations of ketones, free fatty acids and glucose (18) and insulin (7) in suckling rats have been reported, their relationship to ketosis is not clear.
O u r results demonstrtate a reciprocal relationship between the plasma concentration of ketone bodies and availability of insulin in developing rats. Ketosis of newborn rats did not appear until plasma insulin had dropped from the level seen in fed adult rats t o a low level which was comparable with that of adult rats fasted for TIME AFTER ADMINISTRATION (min) Fig. 4 . Effect of glucose administration on plasma concentrations of ketone bodies in suckling rats. Glucose (1.75 mg/g body weight) was administered intraperitoneally to I-day-old (e), 5-day-old (A), and 10-day-old (0) rats. At 30 min after administration of glucose blood samples were obtained. Each point represents a mean i SEM for four to six pups. Ketone bodies represent a sum of 8-hydroxybutyrate and acetoacetate. ' Indicates statistically significant difference from the untreated pups within the same age group at P < 0.01.
AS Footnote 4, P < 0.001. 48 hr (Fig. IA and D) . Ketosis persisted throughout the suckling period while insulin levels remained low. The rate of ketone synthesis (9, 17) and activities of ketogenic enzymes (18) in the liver have been shown to be higher in suckling rats than in adult rats. Because utilization of ketone bodies by extrahepatic tissues, e.g., brain, is stimulated in slickling rats (14) , nevborn ketosis is most likely the result of increased synthesis of ketone bodies. In accord with these findings, we observed that elevated concentrations of plasma ketone bodies in developing rats were closely related to increased capacities for ketone synthesis in the liver (Figs. 1A and 2 ). Our data therefore suggest that a limited availability of insulin permits a high rate of ketone production during the suckling period. This contention is substantiated by a reciprocal relationship between hepatic ketogenesis and plasma insulin levels (Figs. ID and 2 ). Hepatic ketogenesis was low at birth when newborn rats had a high level of insulin similar to that in fed adult rats. After insulin had dropped to low levels, ketone synthesis increased throughout the suckling period. Conversely, when plasma levels of insulin were increased by administration of either insulin o r glucose, elevated ketone levels were suppressed to the same level seen at birth. Since insulin and glucose each stimulates glucose utilization (29) but inhibits lipolysis (23, 31) , we considered that reversal of ketosis by insulin or glucose could be secondary to increased glucose utilization and decreased lipid mobilization. This seems unlikely, however, because the low dose of insulin (0.125 mU/g body weight) failed to decrease glucose and free fatty acids while it was effective in lowering plasma levels of ketone bodies (Table 2 ). On the other hand, when a higher dose of insulin (1.0 mU/g body weight) was given to suckling rats, the plasma ketone levels remained unchanged, whereas glucose was significantly reduced (Table 1) . These data therefore suggest that the concentration of insulin required for depression of plasma ketones is lower than for glucose metabolism and for lipolysis. The mechanism by which insulin reverses ketosis of developing rats is not clear from the present studies. In adult rats, insulin has been shown to inhibit hepatic ketogenesis ( 5 , I I) and to stimulate ketone utilization by extrahepatic tissues (4) . Whether insulin has similar effects on synthesis and utilization of ketone bodies, and hence suppresses plasma ketone concentration, is presently under investigation.
Persistently low levels of plasma insulin were observed at various stages of development when plasma glucose increased gradually to the level of fed adult rats (Fig. 1, C and D) . The reason for the dissociation of plasma insulin from glucose is obscure. A low level of insulin has also been reported in human (30) and rat (7) neonates. Recently Asplund et al. (I) and Blazquez et al. (6) have reported that insulin release from isolated pancreatic islets of suckling rats did not respond to glucose unless its concentration was increased to 300 mg/100 ml in the incubation medium. Blazquez learned from in vivo studies that response of insulin release to glucose was not fully developed until weaning (6). Our results obtained in intact animals also indicate that secretion of insulin is dependent on glucose concentration and maturity of the animal. Although plasma insulin levels were not altered by endogenously increased glucose concentrations ranging from 84 to 142 mg/100 mi (Fig. IC) , they did increase significantly after glucose administration which raised plasma glucose to 210 mg/ 100 ml or above (Table 2) . Furthermore, plasma insulin of suckling rats appears to increase at the time close to weaning (Fig. ID) . In contrast to the suckling stage, newborn rats at birth had a high level of plasma insulin (Fig. ID) . The earlier study has shown that in the last days of gestation fetuses released more insulin from the pancreas than adult fed rats (7) . Since the placenta is not permeable to insulin, the high concentration of plasma insulin observed at birth is likely of fetal origin (7) .
The concentration of free fatty acids in plasma of suckling rats appears to fluctuate depending on the availability of energy sources from endogeneous or dietary fat. The low level of plasma-free fatty acids of new born rats at birth and before the postnatal feeding (Fig. 1 B) could be attributed to a limited lipid reserve (12) . As soon as the newborns began feeding on milk, a high fat diet (lo), the concentration of free fatty acids increased sharply (Fig. IB) . Because elevated plasma ketone bodies was accompanied by high levels of free fatty acids, the metabolism of fatty acids could be a prime cause of ketosis in suckling rats (8) . However, studies of fasted and diabetic adult rats indicate that the increased influx of fatty acids itself does not necessarily lead to increased ketone production (22, 33) . In the present studies we demonstrated that although plasma concentrations of free fatty acids remained unchanged and high in rats treated with insulin or glucose, ketone bodies were markedly depressed ( Table 2 ). More importantly, the decrease in plasma-free fatty acids was preceded by suppression of plasma ketone bodies (Fig. 1, A and B) . Thus, our results support the concept that the level of free fatty acids does not regulate ketone synthesis, although an increase in fatty acids is a prerequisite for hyperketonemia (5, 33) .
S U M M A R Y
Temporal changes in plasma concentrations of free fatty acids, glucose, and insulin and their relation to ketosis were studied in newborn and suckling rats. Hyperketonemia of developing rats occurred only after the start of postnatal feeding and persisted throughout the suckling period. The magnitude of rise in plasma ketone bodies of pups during early stages of development was similar to that of adult rats fasted for 48 hr. Although plasma ketone bodies and free fatty acids were both elevated during development, the level of free fatty acids did not appear to regulate ketone metabolism. During the first 3 days of life, plasma concentrations of glucose were low whereas ketone bodies had reached a maximum level. Thereafter plasma glucose increased gradually and by the time of weaning, when hyperketonemia was still apparent, glucose increased to the level seen in fed adult rats. Depletion of glucose, therefore, might not be associated with hyperketonemia of suckling rats. A reciprocal relationship between plasma insulin and ketone bodies was demonstrated. Elevated plasma levels of ketone bodies were closely related to low levels of insulin at various stages of development. A similar inverse relationship between plasma insulin concentration and hepatic ketogenesis was observed throughout the suckling period. Administration of insulin or glucose elevated plasma concentration of insulin and consequently suppressed plasma ketone bodies. These data suggest that a limited availability of insulin permits a high rate of ketone synthesis and hence induces hyperketonemia in newborn and suckling rats.
